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Introduction:  Hydrogen cyanide is an effective and inexpensive asphyxiant chemical
weapon, for which no prophylactic agents are currently available. Cyanide causes injury by
inhibition of cytochrome oxidase, which is involved in electron transport and cellular
respiration. The liver enzyme rhodanese (thiosulfate sulfurtransferase) is capable of
catalyzing in vitro the conversion of cyanide to the less toxic molecule thiocyanate. We had
previously isolated the cDNA encoding this gene from rat. Since rhodanese can detoxify
cyanide, we hypothesized that cloned recombinant rhodanese molecules could serve as
biologic prophylactic and therapeutic agents. In order to test this hypothesis, we had
proposed a series of related studies (for a 3 year period) to demonstrate cyanide-
metabolizing activity of a cloned rodent (either rat or mouse) recombinant enzyme, and to
develop transgenic mouse models that overexpressed rhodanese as a proof of concept that
elevated endogenous levels of rhodanese could in fact enhance resistance to cyanide.

The cumulative results obtained to date (representing 18 months of effort) on this
contract (excluding the “Additional Research Accomplishments” section below) were published
on 22 November 1995 in Biochemical and Biophysical Research Communications (see
Appendix). The article is entitled “Mouse Rhodanese Gene (Tst): cDNA Cloning, Sequencing,
and Recombinant Protein Expression” by T.P. Dooley, S. Nair, R.E. Garcia I.V., and B.C.
Courtney. This report includes a concise representation of: (1) cDNA cloning and DNA
sequencing of mouse rhodanese; (2) amino acid sequence comparisons between mouse, rat,
and cow rhodanese enzymes; and (3) demonstration of biochemical activity of recombinant
mouse and rat rhodanese expressed in bacteria. The Introduction section of this publication
provides full details concerning the nature of the problem and background information. Refer
to the Introduction section of Dooley et al. (1995), pages 1101-1102, for further details.

The subcontract to Ohio State University to generate transgenic mice was not
commenced during the first 18 month period, as originally proposed. We encountered
unforseen difficulties in demonstrating activity of the cloned rat rhodanese cDNA, as outlined
in the original Statement of Work (SOW). In view of these initial difficulties, we chose to clone
the mouse rhodanese cDNA, as this option was permitted under the approved SOW, and would
further strengthen the study, albeit resulting in an intentional delay in commencing the
transgenic mouse component. Once the mouse Tst cDNA was cloned and sequenced we
prepared bacterial expression vectors to express it. These studies revealed to us the cause

of the lack of apparent activity by the rat clone. We were then able to address this problem,




and in fact were successful at demonstrating activity by both the mouse and rat recombinant
proteins.

Body: Refer to the Materials & Methods and Results sections of Dooley et al. (1995), pages
1102-1107.

Conclusions: Refer to the Discussion section of Dooley et al. (1995), pages 1107-1108. If
the project is resumed at Southern Research Institute, as requested by Dr. Dooley, we should
be able to actively pursue the transgenic mouse component. Some suggestions for
improvement of the study have been made collectively by Dr. Dooley, Cpt. B. Courtney
(USAMRICD), and Dr. S. Baskin (USAMRICD), including: (1) One of the transgene constructs
should be designed to express rhodanese in various tissues and not be tissue specific. Several
constructs of this type have already been prepared; (2) An effort should be made to
determine the sequence of a natural intron within the mouse rhodanese gene, if one exists.
Inclusion of an intron in the transgene construct might increase expression of rhodanese. We
have several putative genomic clones ready for analysis by PCR; and (3) The recombinant
rodent rhodanese protein(s) should be assayed in vitro with several of the thiosulfonate
cofactors, which have already been tested at USAMRICD against non-recombinant purified

mammalian enzymes.

References: Refer to the References section of Dooley et al. (1995), pages 1108-1109.




Appendix:

Additional Unpublished Research Accomplishments:

I. Mouse Rhodanese Genomic Clone: We have obtained several putative genomic clones of the

mouse rhodanese gene by conventional library screening using the labeled mouse cDNA as a
hybridization probe. The putative clones were isolated via a commercial source (Research
Genetics, Huntsville AL). The putative genomic copy should permit us to identify via PCR
amplification a natural intron within the Tst gene, to be potentially included within transgenic
constructs. Inclusion of an intron is believed to increase the expression potential of
transgenes in vivo.

Although beyond the scope of this contract, we could utilize the rhodanese genomic
clone to develop a strategy to create a genetic rhodanese deficiency in mice (i.e., a “gene
knock out”). A rhodanese-deficient mouse mode! would yield insights into the role of this
enzyme in embryonic development and in cyanide metabolism. A rhodanese null mouse model is
expected to be highly sensitive to cyanide, if in fact rhodanese is the central enzyme involved
in cyanide metabolism as hypothesized.

il. Chromosomal Mapping in Mouse: We had previously published that the rhodanese gene is

localized to mouse chromosome 15 [Leiter, E.H., Chapman, H.D., and Dooley, T.P. (1993)
Mouse Genome 91:567-568]. We have continued a collaboration with Dr. Ed Leiter of the
Jackson Laboratory (Bar Harbor, Maine) to further refine the mapping coordinates of this
gene. We have determined by Southern blots using interspecific mouse backcross panels that
the mouse Tst gene maps to mouse chromosome 15, circa 45-46 cM, in a region homologous
to human chromosome 22q. The refined mapping results were published in an erratumin
Mouse Genome 93:863 (1995), and are mentioned in the Discussion section in the Dooley et
al. (1995) article (see attachment).

lli. Construction of Mammalian cDNA Expression Constructs: The full-length mouse rhodanese

cDNA fragment (from clone pTM1193) was subcloned by ligation into four mammalian cDNA
expression constructs (pIRV-SV, pBabeNeo, pCR-3, and pCi-Neo). Two of these vectors are

retroviral provirus constructs (pIRV-SV and pBabeNeo), which could potentially serve as



retroviral gene therapy agents following viral packaging. Plasmid DNAs from these vectors
with and without the appropriate rhodanese cDNA insert may be used in calcium phosphate-
mediated transfections into mammalian cell cultures to evaluate the expression of rhodanese
from each chimeric construct. Furthermore, the constructs may be used in transgenic
animals, although the pattern of gene expression is not expected to be tissue specific. Initial
attempts at demonstrating activity in transfected Hela cells were not successful for unknown
reasons, and sufficient time was not available during the 6th Quarter to resolve the issue.

IV. Surfactant Promoter Clone: We have cloned by PCR a genomic fragment of the human

surfactant-C promoter for use in transgenic constructs. The SP-C promoter is known to be
expressed at high levels in lung, and may serve well for expression of rhodanese in lung in

transgenic mice.

General Comments:

Personal Visits between Dr. Dooley and USAMRICD Representatives:

(1) On 3 October 1994, Dr. Dooley met with Cpt. B. Courtney at the USAMRICD at Edgewood
and presented a seminar entitled “Molecular Biology of Mammalian Rhodanese (Cyanide
Sulfurtransferase) and Phenol Sulfotransferase Genes”.

(2) Cpt. B. Courtney performed a site visit of Dr. Dooley’s laboratory in San Antonio on 6
March 1995.

(3) On 14 July 1995, Dr. Dooley visited the USAMRICD at Edgewood to discuss research
progress, and to present a general lecture entitled “The Basics of Gene Therapy”.

Press Releases: A press release approved by the USAMICD was distributed to various media
agents. This contract was cited in various articles, including the following examples:

(1) San Antonio Express News, Thursday 9 February 1995, page 2B, entitled “Biologist tracks




cyanide vaccine with Army grant”.

(2) San Antonio Medical Gazette, 15-21 February 1995, pages 6-7, entitled “Scientists’

cyanide-fighting recombinant protein may prove beneficial for armed forces/firefighters”.

(3) Austin (TX) American-Statesman on February 16, 1995, entitled “DNA research may help
protect firefighters, soldiers from cyanide”.

(4) The Stars and Stripes, 27 February 1995, entitled “DNA Research Could Lead to
Battlefield Antidote for Cyanide Poisoning”.

Dr. Dooley’s Move to Birmingham: On 15 November 1995, Dr. Dooley moved to Birmingham,

Alabama as the Alabama Power Endowed Chair and Director of Molecular Pharmacology at
Southern Research Institute. Coincident with the move, all research activities were
terminated at the Southwest Foundation for Biomedical Research in San Antonio.

Publication Resulting from Contract (see attachment): T.P. Dooley, S. Nair, R.E. Garcia LV., and

B.C. Courtney (1995) “Mouse Rhodanese Gene (Tst): cDNA Cloning, Sequencing, and
Recombinant Protein Expression” Biochemical and Biophysical Research Communications
216:1101-1109.
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SUMMARY: Rhodanese (thiosulfate sulfurtransferase) is expressed at high levels in liver and is
involved in the detoxification of cyanide. The full-length cDNA corresponding to the mouse
rhodanese gene (Tst), which is located on chromosome 15, was cloned by PCR amplification of a
liver cDNA library and subjected to DNA sequencing. Alignment of the rhodanese cDNA
sequences from mouse and rat, which we previously cloned (Biochem. J. 275:227-231), revealed
97.3 percent identity at the protein level and 94.6 percent identity at the DNA level. When the
mouse and rat cDNAs were expressed under the control of IPTG-inducible promoters in E. coli,
the cell extracts exhibited cyanide-metabolizing activity, indicating that both genes encode
functional rhodanese molecules. o 1995 Academic Press. Inc.

INTRODUCTION: Rhodanese (EC 2.8.1.1; thiosulfate sulfurtransferase) is capable of
enzymatically inactivating cyanide (CN-) in vitro by conversion into thiocyanate (SCN-), which is
much less toxic (1, 2). This reaction in vitro involves the transfer of a sulfur atom from a sulfur
donor cofactor, such as sodium thiosulfate, to the substrate. At least one other mammalian
enzyme, 3-mercaptopyruvate sulfurtransferase can also catalyze the conversion of CN- to SCN- (3,
4). However, it is generally accepted that the systemic cyanide is detoxified within the liver and
perhaps other tissues by rhodanese. Additional in vivo biochemical role(s) for rhodanese have
i been suggested, including the formation of iron-sulfur complexes (5), although this hypothesis has
i been challenged (6).

The evidence in favor of rhodanese playing a direct role in vivo in the detoxification of
cyanide and cyanogenic agents include the following: (a) Rhodanese can enzymatically inactivate
cyanide in vitro producing thiocyanate, and this metabolite is also formed in vivo when exposed to

* Corresponding author and reprint requests (current address): Thomas P. Dooley, Ph.D.,
Director of Molecular Pharmacology, Southern Research Institute, 2000 Ninth Ave. S.,
Birmingham, AL 35255. Fax: (205) 581-2877.

Abbreviations used: bp (base pairs); cDNA (complementary DNA); Col2al (type II collagen alpha
1 gene); CN- (cyanide ion); IPTG (isopropylthio-8-D-galactopyranoside); kb (kilobase); LB (L-
broth medium); ORF (open reading frame); PCR (polymerase chain reaction); pl (isoelectric point);
PMSF (phenyimethylsufonylfluoride); SCN- (thiocyanate ion); SDS (sodium dodecyl sulfate); Tst
(thiosulfate sulfurtransferase / rhodanese gene).

0006-291X/95 $12.00
Copyright © 1995 by Academic Press, Inc.
1101 All rights of reproduction in any form reserved.
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cyanide; (b) Thiosulfate ion (among other agents) can serve as a sulfane suifur donor for rhodanese
in vitro, and intravenous injection of sodium thiosulfate aids in the biochemical detoxification of
cyanide (7, 8). Sodium thiosulfate is a key ingredient employed in clinical antidote therapy for
cyanide poisoning. However, the actual sulfur donor compounds used by the enzyme in vivo are
not known, but might include cysteine persulfide, thiotaurine, thiocystine, among other
possibilities (S. Baskin, personal communication); (c) The levels of rhodanese are very high in the
liver and kidney (4), suggesting a role in detoxification of xenobiotics, such as cyanide; (d) The
nasal epithelia, which represents a likely site for the absorption of aerosolized cyanogenic
compounds or HCN, also contains high levels of this enzyme (9, 10); And (¢) 2 significant portion
of rhodanese molecules are localized within the mitochondrial matrix. One can speculate that intra-
mitochondrial rhodanese protects against cyanide-mediated damage to cytochrome oxidase, which
is involved in electron transport.

The primary amino acid sequence and 3-D structure of bovine rhodanese purified from liver
have been determined (11, 12). The enzyme is composed of a single polypeptide chain consisting
of two globular domains, A and B, of equivalent size (approximately 140 amino acid residues
each), separated by a short connecting hinge region located on the exterior surface of the A domain
(11-13). The active site of bovine rhodanese is contained within the B domain, where Cys-248
(often referred to as Cys-247 elsewhere in the literature, when the initiating methionine is
excluded) acts as an intermediate acceptor of the sulfane sulfur atom from a donor cofactor. This
covalently-bound sulfur atom within the enzyme intermediate is then transferred to the substrate
(e.g., CN-). Little is known regarding the contribution of the A domain in catalysis, although the
amino terminus contained within the A domain is rcSponsiblc for chaperonin-mediated transport of
the enzyme into the mitochondrial matrix (14).

We have previously isolated and sequenced the cDNA encoding rat liver rhodanese (15).
The protein encoded by the open reading frame (ORF) specifies 297 amino acid residues and is
approximately 92 percent identical to the well characterized bovine enzyme (11), which has also
been cloned (16). When conservative amino acid substitutions are included, the rat and cow
enzymes are 98% similar, thus very highly conserved (15). Using the rat rhodanese cDNA asa
probe, we have determined the gene maps to mouse chromosome 15 (17). A portion of the human
rhodanese cDNA has been recently obtained (18). Another cDNA has been reported to represent
the human rhodanese gene (19). However, the latter isolate is unlikely to be the authentic human
rhodanese gene based on the lack of sequence similarity to the other known mammalian rhodanese
genes. The activity and identity of this rhodanese-related cDNA clone (19) is uncertain.

In view of the power of molecular genetic studies in mice and our desire to develop the
mouse as a model species for studies of rhodanese molecular biology and cyanide toxicity, we
have cloned the mouse rhodanese cDNA. In this article we report the mouse rhodanese cDNA and
primary amino acid sequences, and demonstration of enzymatic activity from the mouse and rat

genes when expressed in E. coli.

MATERIALS AND METHODS: All general molecular biology methods used in this work are
described elsewhere (15, 20, 21), unless stated otherwise. The ampicillin-resistant bacterial
colonies were cultured in LB or 2xYT media + SO pg/ml ampicillin, and plasmid DNAs were
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prepared by alkaline lysis, phenol-chloroform extraction, and precipitation in ethanol and sodium
acetate. Oligonucleotide primers were synthesized commercially (Genosys, Houston, TX):

pUC Forward 5’-CGCCAGGGTTTTCCCAGTCACGAC

pUC Reverse 5'-TCACACAGGAAACAGCTATGAC

gt 11 Forward 5’-GGTGGCGACGACTCCTGGAGCCCG

MRN 105 5’-GAATTCTCAGGCCTTCCCACTCTTCC

Rho Nco 5"-GGGTACCGAGCTTGAATTCGCCATGGTGCATCAGGTGCTC

SN 117 5’-GCCACCATGGTACATCAGGTGCTC

SN 114 5’-GGTTCCAGCTGGTGGATTG
Additional sequencing primers were developed based on the derived rodent cDNA sequences.

Cloning of mouse rhodanese cDNA: The BALB/c male mouse liver cDNA library was obtained
from Clontech Inc. (Paolo Alto, CA). The lambda gt 11 library was grown in Y1090r cells and
amplified by inoculation of 1.0 ml saturated cultures (in LB containing 0.2% maltose) with 2 ul of
phage stocks and absorption for 15 min at 37°C. The 1.0 mi cultures were added to 50 ml of
medium (LB containing 10 mM MgSQy) and incubated in a shaker for 8 hr. Then, DNA samples
were prepared of the amplified phage library stocks by alkaline lysis. .

PCR amplification was performed on samples (ca. 30 ng) of the amplified phage DNA
preparations with a Perkin-Elmer Cetus DNA Thermocycler, AmpliTag DNA Polymerase (Perkin-
Elmer, Norwalk, CT), and oligonucleotide primers complementary to the phage vector and the
rhodanese cDNA insert (gt 11 Forward and MRN 105, respectively). The reaction conditions
included a Perkin-Elmer Cetus PCR Core Reagent Kit and the following cycles: a single initial
melting at 94oC for 4 minutes, denaturation at 94°C for 2 minutes, annealing at 580C for 2
minutes, extension at 720C for 2 minutes, for a total of 30 cycles, followed by an additional 7
minutes at 720C. All PCR amplimer fragments were ligated into pT7Blue(R) Vector (Novagen
Inc., Madison WI), transformed into E. coli Nova Blue cells, and plated onto LB agar plates
containing 0.8 mg/ml IPTG, 0.8 mg/ml X-gal, and 50 ug/ml ampicillin. White transformants (i.e.,
B-galactosidase negative) containing inserts were grown in LB or 2xYT media containing 50 pg/ml
of ampicillin. The final full-length clone, pSN369, contains the entire open reading frame,
including the translation start and stop codons for mouse rhodanese. To verify the DNA sequence
(below), additional cDNA isolates were obtained via PCR from this library (Clontech) and another
mouse liver library (Stratagene, La Jolla, CA).

The 3’ untranslated portion of mouse rhodanese cDNA was obtained by PCR amplification
using the same commercial mouse liver cDNA library. DNA samples of the amplified library were
PCR amplified with SN 114 and gt11 Forward primers and similar conditions. The longest
amplimer fragment (0.5 kb) was subcloned into pT7 Blue vector, to yield clone pSN2037
containing regions corresponding to the carboxyl terminus and the 3’ untranslated region.

Ncol-modified 5’-end of mouse and rat cDNAs: In order to create an Ncol site at the Met initation
codon at the 5’ end of the mouse cDNA, pSN369 was reamplified by PCR using SN 117 and pUC
Reverse primers and the following conditions: initial denaturing at 95°C for 5 min, then 30 cycles
of denaturing at 95°C for 3 min, annealing at 40°C for 3 min, and extension at 720C for 3 min,
followed by a final additional extension at 72°C for 7 min. The amplimer fragment was subcloned
into pT7 Blue (R) vector (Novagen, Madison, WI) to yield clone pTM1193. The artificially-
produced Ncol site provides a convenient asymmetric restriction cleavage site for the determination
of orientation, and provides an improved eucaryotic ribosome binding site for translational
initiation.

The rat rhodanese cDNA previously isolated from a Lambda gt11 liver cDNA library,
termed pRhoD (subcloned into pGEM-3Z vector), lacks the presumptive initiating methionine! and
valine2 codons at the N-terminus (15). We have subsequently repaired the cDNA so that the N-
terminus specifies a Met!Val2 dipeptide fused in frame and also contains an Ncol restriction
enzyme site (specifying a eucaryotic ribosome binding site for the initiation of translation). This
construct, pRhoN, was created by polymerase chain reaction (PCR) site-directed mutagenesis of
pRhoD, using synthetic oligonucleotides to the rhodanese N -terminus (Rho Nco) and the vector T7
promoter primer, and AmpliTaq DNA polymerase (Perkin Elmer Cetus). The amplified 1.0 kb
fragment was then cut with EcoRI, electrophoresed on agarose, excised from the gel, and
electroeluted. The fragment was then ligated into EcoRI-cut pUC19 to yield pRhoN.

DNA sequencing: The nucleotide sequences of the full-length mouse Tst cDNA (pSN369), the

mouse 3’ end portion (pSN2037), and the ‘Ncol-modified’ cDNA clones (mouse-derived
pTM1193 and rat-derived pRhoN) were determined by double-stranded, dideoxynucleotide chain-
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termination DNA sequencing using the 7-deaza-dGTP Sequencing Kit (USB, Cleveland, OH),
appropriate oligonucleotide primers (both vector- and rhodanese-derived), and [alpha-32P]-dATP
(NEN, Boston, MA). Double stranded DNA was denatured in 1.0 M NaOH at room temperature
for 10 min, followed by pH adjustment with 0.3 M sodium acetate and ethanol precipitation. The
reactions were resolved on 6 - 8% polyacrylamide plus 50% urea gel electrophoresis, followed by
overnight exposure of Fuji RX film. The sequence was obtained for both strands of DNA and was
analyzed on a Macintosh IIsi computer using the MacVector 4.5 software (Eastman-Kodak,
Rochester, NY) and the NCBI Entrez version 15.0 database on CD ROM.

The GenBank database accession number for the full-length mouse rhodanese cDNA
(composite sequence derived from pSN369 and pSN2037) is U35741. The EMBL database

accession number for rat rhodanese cDNA (15) is X56228, and the GenBank accession number
for bovine rhodanese cDNA (16) is M58561.

s: We prepared three full-length rhodanese
cDNA plasmid vectors for expression in bacteria by fusing the 0.9 kb EcoRI fragment of mouse
pSN369 into pUC19, and the 0.9 kb and 1.0 kb Ncol-EcoRI fragments of the mouse pTM1193
and rat pRhoN cDNAs, respectively, into Ncol-EcoRI cut pKK388-1 (Pharmacia). Orientation of

the pSN369 cDNA fragment insert was determined by Smal digestion. In each case, we

‘engineered’ the position of the bacterial ribosome binding sites within 10 - 20 bp from the ATG
(Met! initiator) codon.

36]: The pSN361 construct consists of the EcoRI mouse c¢DNA fragment from
pSN369 cloned in the sense orientation within the pUC19 vector. This construct produces
rhodanese as an artificial operon having a partial lacZ gene immediately 5’ to the mouse rhodanese
cDNA cloned into the EcoRI site. The bacterial lac promoter is inducible by IPTG.
Coincidentally, pSN369 is the antisense version of pSN361.

- IPTG-induced expression of the Ncol-repaired mouse cDNA is accomplished
by this construct, consisting of the Ncol-EcoRI fragment of pTM 1193 subcloned into Ncol-EcoRI
cut pKK388-1 vector (Pharmacia). This construct utilizes the IPTG-inducible rp/lac fusion
promoter, referred to as either rac or trc. ,

49: The Ncol-EcoRI fragment of rat pRhoN was subcloned into Ncol-EcoRI cut
pKK388-1 vector yielding the pSN1049 construct.

3 gl 104ancse a s o Al g ¢ CONSN O
E.coli JM109 cells: Competent E. coli strain JM109 cells were transformed with pSN361,
pTM2098, pSN1049, pUCI9 (vector), pKK388-1 (vector), and pSN369 (antisense mouse
cDNA), and grown overnight to saturation at 37°C in LB or 2xYT cultures containing 50 ug/ml
ampicillin. These cultures were used to inoculate additional ubes +/- 0.4 mg/m! IPTG and 10 nM
sodium thiosulfate. IPTG induces transcription of recombinant rhodanese CDNA genes from the
lac or tac promoters.

E. coli cell extracts were prepared from the pellets of 1.0 ml of cells grown either 6 hr or
overnight (16+ hr), freezing in a dry ice-ethanol bath for 2 min, followed by 8 min in an ice water
bath (22). The cell pellets were freeze-thaw cycled for a total of three times. Then 0.1 ml of 20
mM Tris HCI pH 8.6 was added, the samples were briefly vortexed, and placed on ice for 30 min.
The samples were centrifuged and the aqueous extracts (< 0.1 ml) excluding cellular debris (i.e.,
pellet) were removed to separate tubes on ice.

Samples of cell extracts and controls [the blank contained Tris alone, and purified bovine
rhodanese (Sigma) served as a positive control] were assayed using a spectrophotometric method
(2). The extract samples (routinely 20 ul each) were added to tubes containing 1.0 ml assay
mixture (40 mM potassium phosphate, 50 mM potassium cyanide, 50 mM sodium thiosulfate)
preincubated at 370C. The samples were incubated for precisely 15 min and stopped by the
addition of 0.5 ml 15% formaldehyde. The reactions were then added to 1.5 ml ferric nitrate
reagent (8.7% nitric acid, 165 mM ferric nitrate), and spectrophotometric measurements were
performed at OD460. The level of expression of each construct was determined in multiple assays
by dividing the OD 46 of the extract of the expression construct in the presence of IPTG by the
negative control vector lacking a cDNA insert (i.., pUC19 or pKK388-1).

RESULTS: Cloning and Sequencing of Mouse Rhodanese cDNA: The full-length mouse
rhodanese cDNA, obtained by PCR amplification of a mouse liver cDNA library, is demonstrated
in Figure 1. An open reading frame (ORF) encoding 297 amino acid residues was identified.
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GCAGAACTGACACTATGGTACATCAGGTGC
MoV gV

GGCCCAGCCTTCGGGTGCTGGACGCGTCTT
G P § L R V L D A S

CGTCCTTCTTTGATATAGAGGAATGCCGGG
A S F F D 1 E E C R

GCAACCTGGGCATAAGCAACGACACACATG
G N L G I § N D T H

TTCGTGTGTTTGGCCACCGCACAGTGTCAG
F R V F G H R T V S

CGAGGCCAGAGCCAGCCGTTTTCAAAGCCA
s R P E P A V F K A

GGTTCCAGCTGGTGGACTCTCGGGCCCAAG
R F Q L V b s R A Q

GTGGCTCAGTCAACATGCCCTTCATGGACT
R G § V N M P F M D

AGAAGGTGGACCTCTCACAGCCCCTCATTG
K K v D L § Q@ p L I

AACCCGATGTGGCTGTTTACGATGGCTCCT
K P DV A V Y D G S

AGGCCTGAGTGTGTGCAGCCTCCTCCTCTG
K A *

TTTAGGCTACGGATATTGACAGGGTT

Figure 1. The full-length cDNA and amino ac
manual dideoxynucleotide sequencing. The Smal
574 of the 1016 bp composite cDNA. The amino aci

single letter code.
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LY ® A L V 4 T K W

GGTACTCACCCGGGACCCGCCAGGCACGCA
W Y S P G T R Q A R

ACACGACTTCGCCTTATGAGATGATGCTGC
b T T S P Y E M M L

TGGTGGTATACGATGGAGATGACCTGGGCA
vV vV VvV Y D G D D L G

TGCTCAATGGTGGCTTCCGGAACTGGCTGA
v LL N G G F R N W L

CACTGAATCTCTCCCTGCTCAAGACCTATG
T L N L S L L K T Y

GACGGTACCTGGGCACACAACCGGAGCCGG
G R Y L G T Q P K P

TCCTGACGARAGATGGCTTCGAGAAGAGCC
F L T K D G F E K S

CCACGTGCCGCAAGGGGGTCACTGCCTGTC
AT C R K G Vv T A C

GGTCAGAGTGGTTCCGCAGGGCACCCCCAG
W S E W F R R A P P

CCCACCCAATCCAGCCAGTTCCCTTCAGGG

90
.
TGOCGGAATCCATTCGGTCTOGCCGCCTGG
LA KOS [ R 5 G R L»
180

-
AAGAGTACCAGGAGCGACACGTGCCTGGCG
K E Y Q E R 0LV P G

270

*

CCAGTGAGGCCCACTTTGGGGACTATGTGG
P S E A H F G D Y V>

360
L]

GCTTCTATGCACCCAGAGTCTGGTGGATGT
S F Y A P R V W W M

450

*
AGGAGGGCCACCCGGTGACATCTGAGCCCT
K F G H p V T S§ E P>
540

.

AGCAGGTCCTAGAGAATCTCCAGTCTAAAA
¥ Q V L E N L Q § K>

630

L]
ATATAGTAGGACTAGACTCGGGCCACATCC
D L vV ¢ L D 58 G H I>
720

*

CAGAGGAGCTGCGTGCCATATTCCAGGACA
P E E L R A I F Q D>

810

»

ACGTTGCCCTGGCTGCCTACCTTTGTGGCA
H VvV A L A A Y L C G

300

*
AGACCCGTGTGTCCCAGGGGAAGAGTGGGA
E T R V 5 Q G K § G>

990
L]

AGGTTGGTGTGACCTGCTGTAGGTTCACCT

id sequences of mouse rhodanese obtained by
and Kpnl sites are located at positions 129 and
d residues of the ORF are indicated using the

Analysis of the ORF by MacVector (version 4.5) software predicted that unprocessed nascent
mouse rhodanese exhibits a mass of 33,464 Daltons and a pl of 8.18. This pl estimate is identical
to rat rhodanese, but is considerably higher (more basic) than for the bovine enzyme (p! 6.84). In
addition to the coding region, 14 bp of untranslated mRNA were identified at the 5’ end and 108
bp were obtained at the 3’ end.

The primary amino acid sequences of rhodanese based on cloned full-length cDNAs from
mouse, rat (15), and cow (16) are presented in Figure 2. The 5’-end of the rat cDNA was not
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* -

Mouse MVHQVLYRALVSTKWLAES IRSGRLGPSLRVLDASWYSPGTRQARKEYQE RHVPGASFFDIEECRDTTSPYEMMLPSEAHFGDYVGNLGISNDTHVVVYD

150 ) 200
* *

250
"

Figure 2. Rhodanese amino acid sequence comparison for mouse (this work), rat (15), and cow
(16), based on the open reading frames of cloned cDNAs: Amino acid substitutions are indicated
using the single letter code for the ORF-derived sequences of rat and cow relative to mouse. The
amino terminal Met! Val2 dipeptide of rat is presumed. The rat gene contains a unique Met2!! to
Val21! substitution. The active site in all three genes is specified by Cys248.

available in our previously published rat pRhoD ¢cDNA (15), so it was created by PCR
' ‘ amplification to include a presumed Met!-Val2 dipeptide at the amino terminus in the full-length
pRhoN clone, consistent with the other known enzymes. The mouse amino acid sequence is
97.3% identical to rat and 89.9% identical to cow, whereas rat is slightly closer (91.9%) to cow.
’ At the DNA level, mouse is 94.6% identical to rat and 86.3% identical to cow within the coding
regions. Comparison of the amino acid substitutions between the two rodent species revealed eight
,, differences, seven of which were conserved between rat and cow. A single discriminating
ER mutation results in a Met211 to Val2!1 substitution within the rat gene, which was not present in

either mouse or cow.

Expression of mouse and rat rhodanese ¢DNAs in E. coli: In order to demonstrate

biochemical activities by the enzymes encoded by the mouse and rat thodanese cDNAs, fragments
containing both ORFs were subcloned into IPTG-inducible bacterial expression vectors. The
cyanide:thiosulfate sulfurtransferase activities were determined for extracts from E. coli IM109
containing the mouse (pSN361 and pTM2099) and rat (pSN1049) cDNA expression constructs,
and appropriate negative control vectors (Table I). The mouse recombinant protein exhibited
{ approximately a 5 x increase (mean) in activity following 6 hours of IPT! G induction, in general,
and approximately a 7 x increase (mean) in activity following overnight (16 hr+) inducton, relative
to vector control-transformed JM109 cells. The mouse recombinant enzyme extracts were active
when assayed from 20 to 510C, with optimal activity at 370C (data not shown). Mouse rhodanese
within the extracts was inactivated at 630C or when treated with the protease inhibitor,
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phenylmethylsuifonyifluoride (PMSF). Inclusion of a nonionic detergent, 1% IGEPAL (CA-630;
Sigma), did not affect activity. By comparison. the rat enzyme extracts exhibited similar increases
in activity when IPTG treated relative to vector-transformed control JM109 cells (Table I). Since
activity from the expressed rat rhodanese cDNA has not been previously reported, these findings
demonstrate that both the mouse and rat cDNAs encode functional products.

DISCUSSION: The cloned rhodanese cDNAs for mouse and rat exhibited cyanide-metabolizing

activity when expressed in E. coli, indicating that substantial posttranslational modification is not

required for catalytic activity of this enzyme. Comparison of the nascent proteins based on their
! cDNA OREFs to the primary amino acid sequence of purified bovine liver rhodanese (11, 12)
suggests that a mammalian carboxypeptidase may process three residues (Gly295Lys296A1a297) at
the C-terminus of the protein in vivo. The unprocessed mouse and rat enzymes have a predicted
isoelectric point (pl) of 8.18, which is considerably higher than for cow (pl 6.84). Itis not known
whether this pl difference results in any alterations of subcellular localization or kinetic, catalytic,
or other biochemical properties. Sequence alignment between the three species also revealed a
discriminating mutation of Met211 to Val2!1 within the rat gene. The Val2!! is located in the B

domain within 1 nm of the active site Cys248 (15), but does not inactivate the enzyme.

The mouse amino acid sequence is 97.3% identical to rat and 89.9% identical to cow. The
two rodent genes differ at only 8 of 297 residues (2.7% nonidentity). This relatively low level of
sequence difference among the two rodents and between rodents and an ungulate mammal is
expected, and is consistent with our assertion that ail three genes are homologs of one another.

TABLE |
Recombinant Rhodanese Expression in E. coli

Cultwre  IPTG-Induced Expression Level

¢DNA Vector Time (hrs) (mean)  (range) (n)
b
Mouse pUCI9 6 4.95 x (19-76)x 7
16+ 7.13 x (52-86)x 4
Mouse pKK388-1 6 | 9.73 x 2.8-167)x 2
16+ 331 x - 1
Rat pKK388-1 6 4.06 x 22-79x 14
16+ 8.32 x (1.7-165)x 5

! Enzymatic activity of recombinant mouse and rat rhodanese in extracts from E. coli
) JM109 expressing each cDNA under the control of an IPTG-inducible promoter: Cells containing
o ! the expression constructs and appropriate vector controls were incubated in culture at 370C for 6 or
16+ hr in the absence or presence of IPTG and sodium thiosulfate. Multiple extracts were then
assayed for cyanide-metabolizing activity using a spectrophotometric method (2). The levels,
ranges, and number of experiments of IPTG-induced expression relative to vector controls are
summarized. Individual variations may be due to differences in growth rates, final density of each
culture, and to preparation of the extracts.
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This is further validated by the catalytic activities of the expressed cDNAs from the three species
(this work; 16). We have previously reported a similar three-species sequence alignment with the
structurally-unrelated calpactn I light chain genes, recently termed as S100A10 (21). Substitutions
were observed at 7 of 97 residues (7.2% nonidentity) between mouse and rat S100A 10 genes, thus
at a higher level of dissimilarity than expected for two rodents. These results suggest that rodent
rhodanese genes are more highly conserved than are the SI00A10 genes.

The mouse rhodanese gene, Tst, has been previously mapped to chromosome 15 by us
using an interspecific backcross mapping panel (17). The recent repositioning of one of the Tsz-
linked DNA markers in this region has resulted in the reassignment of Tst to approximately 45-46
cM (17 erratum), relative to the Chromosome 15 Consensus Map (23). This location is within a
region of mouse chromosome 15 that is homologous to human chromosome 22q. The human
homologs of several flanking (centromeric) mouse genes Pva, Bzrp, and Dial have been mapped
to human 22q12 - qter (23, 24), and a portion of the human TST gene has been utilized to map
rhodanese to human chromosome 22 using human-rodent somatic cell hybrids (18). Thus, we
predict that human TST is contained within 22q12 - qter.- At present, no known genetic diseases
have been identified that are associated with alterations in rhodanese activity, or for which
rhodanese is a positional candidate gene on chromosomes 22 in humans or 15 in mice. The rat Tst
gene, which we have previously cloned at the cDNA level (15), likely maps to rat chromosome 7
based on syntenic homology to this region of mouse chromosome 15 (25-27).

The mouse rhodanese cDNA may now be used in a variety of experimental studies,
including site-directed mutagenesis, transgenic and knock-out mice, and overexpression of
recombinant protein. The purified recombinant form may be intravenous infused into mice to test
whether allotypic rhodanese can be used therapeutically in cases of acute cyanide poisoning. By
comparison, erythrocyte-encapsulated rhodanese, purified from liver, can confer heightened
cyanide-metabolizing actvity in vivo (28). Since we have obtained the mouse rhodanese cDNA,
these studies are now feasible and could further establish the mouse as a molecular genetic model
for cyanide toxicity.
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